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Functional nonlinear optical nanoparticles
synthesized by laser ablation
Lianwei Chen and Minghui Hong*

Nonlinear optics is an important research direction with various applications in laser manufacturing, fabrication of nano-
structure, sensor  design,  optoelectronics,  biophotonics,  quantum optics,  etc.  Nonlinear  optical  materials  are the funda-
mental building blocks, which are critical for broad fields ranging from scientific research, industrial production, to military.
Nanoparticles demonstrate great  potential  due to their  flexibility  to  be engineered and their  enhanced nonlinear  optical
properties superior to their bulk counterparts. Synthesis of nanoparticles by laser ablation proves to be a green, efficient,
and universal physical approach, versatile for fast one-step synthesis and potential mass production. In this review, the
development and latest progress of nonlinear optical nanoparticles synthesized by laser ablation are summarized, which
demonstrates its capability for enhanced performance and multiple functions. The theory of optical nonlinear absorption,
experimental process of laser ablation, applications, and outlooks are covered. Potential for nanoparticle systems is yet
to be fully discovered, which offers opportunities to make various types of next-generation functional devices.
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Introduction
Nonlinear  optics  is  the  study  of  nonlinear  responses
from the interaction of intense light with matter.  Nano-
particles fabricated  by  laser  ablation  have  been  extens-
ively used in nonlinear optics. A nonlinear optical effect
typically describes a process in which the optical proper-
ties of a material change nonlinearly as a consequence of
the strong irradiation of incident light1. For most nonlin-
ear optical  effects,  an  intensified  incident  light  is  re-
quired to  trigger  the  nonlinear  effects  that  can  be  ob-
served.  The  study  of  nonlinear  optics  started  when
Franken and coworkers firstly observed the second-har-
monic generation in 1961, right after the demonstration
of a functional laser system by Maiman one year before.
Since  then,  various  nonlinear  optical  effects  have  been
discovered and this field has grown continuously into an
important branch of modern optics. After many years of

development, nonlinear optics has become the pillars for
many frontier research and widely used systems, includ-
ing laser  fabrication,  optical  imaging,  information  pro-
cessing &  communications,  as  well  as  nanoscale  litho-
graphy2−6.  Advances  in  this  topic  can  potentially  boost
many disciplines. Nonlinear optical effects include optic-
al Kerr  effect  which  leads  to  an  intensity-dependent  re-
fractive  index,  optical  limiting,  saturable  absorption,
nonlinear scattering,  multiple-photon  absorption,  fre-
quency-mixing  process,  second/third/high  harmonic
generation, optical parametric amplification, optical rec-
tification, up/down conversion, etc. Nonlinear optical ef-
fects can be generally  categorized into three groups,  de-
pending on  the  corresponding  light  properties:  1)  non-
linear effect to modify the light wavelength, 2) nonlinear
effect to change the light refraction, 3) nonlinear effect to
vary  the  light  amplitude/intensity.  In  this  review,  we 
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shall primarily focus on the nonlinear optics of the third
group related to the light amplitude and intensity.

In this  group,  saturable  absorption  and  optical  limit-
ing are two nonlinear phenomena to describe the trans-
mission change of a material system7−9. Saturable absorp-
tion  is  the  process  when  the  light  absorption  decreases
with  light  intensity.  In  other  words,  a  material  with  the
saturable absorption tends to be more “transparent” un-
der stronger incident light irradiation. Materials with the
saturable  absorption  are  widely  used  to  fabricate  high
power lasers. For example, it can construct the cavity for
Q-switching,  which  produces  a  pulsed  output.  It  is  also
the  candidate  to  build  logic  circuits  for  next-generation
optical  computers.  On  the  other  hand,  optical  limiting
describes the opposite effect. An optical limiting materi-
al reduces  the  transmission  of  light  when  the  light  in-
tensity increases.  Hence,  optical  limiting is  also denoted
as  the  reverse  saturable  absorption.  Optical  limiting  is
also a critical  effect  with applications ranging from pro-
tective materials,  military weapons,  optical  switching,  to
high  power  laser  sources.  In  spite  of  their  importance,
both  saturable  absorption  and  optical  limiting  normally
require incident light with high intensity. Hence, they are
mostly observed in devices using a pulsed laser with high
peak power.  This  condition  can  possibly  result  in  per-
manent optical damage. It is also a critical bottleneck to
limit  practical  applications  for  the  complicated  design
and high cost  of  high power lasers.  The investigation of
suitable materials with superior nonlinear properties is a
primary  research  direction  in  this  field.  The  progress
shall not  only  greatly  promote  the  performance  of  cur-
rent optical nonlinear systems, but also bring about new
opportunities to design functional devices to address the
increasing  needs  for  quantum  optics,  advanced  sensors,
artificial intelligence, next-generation optical computers,
and many other frontier topics10−12.

Nanotechnologies  have  paved  the  ways  to  engineer
new materials and break the conventional limits for non-
linear optics.  Nanoparticles are one of the most import-
ant  members  that  are  widely  studied,  which  has  a  long
history  of  thousands  of  years.  The  initial  utilization  of
nanoparticles  for  optical  purposes  dated  back  to  the  5th

century BC,  when  nanoparticles  were  prepared  for  dec-
orative  purposes  and  changed  the  color  of  the  object  in
both  China  and  Egypt13.  In  the  past  decade,  optical
devices and components based on nonlinear optical nan-
oparticles are receiving more and more attention due to
their enhanced performance and multifunctional capab-

ilities.  The  following  primary  advantages  make  them
suitable  for  many  applications  compared  to  their  bulk
counterparts:  1) Plasmonic  properties: metallic nano-
particles present active surface plasmonic resonance un-
der  light  excitation,  which  demonstrates  intense  optical
absorption  or  scattering  across  the  regions  from  visible
to near-infrared spectrum (NIR). The plasmonic proper-
ties  of  nanoparticles  can  be  modified  by  engineering
their  composition,  shape,  and  geometry,  which  offers
great flexibility  to  fulfill  requirements  for  different  ap-
plications.  With  this  feature,  metallic  nanoparticles  are
extensively used in nonlinear optical  devices.  2) Surface
functionalization: nanoparticles’ decorated surfaces can
be easily  functionalized  by  a  wide  range  of  organic  mo-
lecules,  which  makes  nonlinear  optical  nanoparticles
highly  flexible  for  different  matrixes  or  integrated  with
other technologies. 3) Stability and compatibility: many
nanoparticles are  chemically  and  physically  stable.  Spe-
cific  nanoparticles,  such  as  nano-diamonds,  can  stand
extremely  high  temperatures  and  pressures.  Many  of
them  also  show  good  biocompatibility,  which  extends
the application scope for nonlinear optical devices.

Attributed  to  the  above  advantages,  nanoparticles  are
widely  used  for  nonlinear  optical  applications.  For  the
nanoparticles’ synthesis, how  to  produce  nonlinear  op-
tical  nanoparticles  with  large  scale,  high  repeatability,
and  low cost  remains  to  be  a  challenge.  To  address  this
challenge, various  synthesis  approaches  have  been  in-
vestigated.  Chemical  and  laser  ablation  approaches  are
two of  the  primary  synthesis  methods.  Chemical  ap-
proaches are useful to produce nanoparticles at an indus-
trial scale. For chemical approaches, there also exist lim-
itations including impurities and agglomeration. On the
other hand, laser ablation is a more direct, environment-
ally  friendly,  and  universal  method  for  the  synthesis
of nonlinear optical nanoparticles14−18. Laser ablation is a
dynamic process to remove target materials from a solid
substrate under high power short pulse laser irradiation.
It can  be  conducted  in  air,  liquid,  and  vacuum;  com-
bined with external electrical or magnetic fields, chemic-
al reactions,  and pre/post treatment;  it  can achieve vari-
ous  purposes,  including  surface  engineering,  defect
modification,  and  fragmentation19−22.  Great  flexibility
and  possibilities  are  offered  for  applications  based  on
nonlinear optical  nanoparticles  to  fulfill  the  require-
ments of different devices23−33.

Recently, an increasing number of researches focus on
optical  devices  with  nonlinear  optical  nano-particles  to
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address  the  bottleneck  challenges  in  this  field.  Systems
based on nanoparticles are highly versatile and powerful
compared to optical systems based on conventional bulk
nonlinear  optical  materials.  Systems based on nonlinear
optical  nanoparticles  have  two  advantages:  1)  they  are
multi-functional with the flexibility to meet the require-
ments  for  different  applications;  2)  they  offer  superior
performance  by  further  engineering  nanoparticles  and
the  hosting  systems26,31. This  review  summarizes  the  re-
cent progresses in this direction, which focuses more on
the methodologies with a series of case studies as the illu-
mination. It also covers extended topics to provide addi-
tional  views  on  their  key  advantages  and  achievements.
The challenges and future research trends are another fo-
cus, with the latest research works to introduce new op-
portunities  and  potential.  This  review  is  organized  with
the  following  structure.  The  first  section  “Basic  theory
and  experimental  setups  for  nanoparticles’ synthesis ”
aims to provide a brief introduction to the fundamentals
and background  information.  The  theoretical  part  con-
tains the basic knowledge of nonlinear optics and the ex-
perimental  part  covers  the  experimental  setup  design
and parameters’ optimization. The second section “Non-
linear  optical  nanoparticles’ production,  functions,  and
applications ”  firstly  focuses  on  the  nanoparticles  as  the
central building blocks in nonlinear optical systems. Key
features of nanoparticles and methods for their property
modification are  summarized.  Applications  and  poten-
tials are  presented to  provide  the  landscape for  the  cur-
rent field of nonlinear optical nanoparticle systems. The
final part  of  this  review  focuses  on  challenges  and  out-
looks  to  highlight  future  opportunities  in  this  research
field. 

Basic theory of nonlinear optics and
experimental setups for nanoparticles’
synthesis
 

Fundamentals for nonlinear optics
To understand the optical nonlinear effect, it is helpful to
present the model  to  quantitatively  describe the nonlin-
ear effect.  Material’s response to the incidence of  an ex-
ternal electromagnetic field in the linear case can be de-
scribed by the following equation: 

P = ε0x1E , (1)
ε0

x1
where P is  the  polarization  of  material  system, is  the
permittivity  of  free  space,  and indicates the linear  sus-
ceptibility  of  material,  and E represents the electric  field

introduced  by  the  electromagnetic  wave.  The  applied
electromagnetic field  interacts  linearly  with  the  materi-
als as described by this equation. In the case of nonlinear
optics, Eq. (1) can be further generalized by introducing
the nonlinear terms of different orders: 

P = ε0x1E+ ε0x2E2 + ε0x3E3 + · · · , (2)
x2 x3

ε0x2

ε0x3

where  and  are the second- and third- order nonlin-
ear optical susceptibilities of materials. The term  and

 are also commonly defined as the second- and third-
order  nonlinear  polarizabilities  of  materials  caused  by
different physical  mechanisms.  Various types of  nonlin-
ear  effects  can  be  understood  by  substituting  the  above
polarization and susceptibilities with the nonlinear terms
of  the  material  system  into  the  Maxwell  equations  and
deriving a  set  of  nonlinear  electromagnetic  wave  equa-
tions  with  higher-order  terms.  These  equations  provide
the theoretical  bases  to  describe  how  the  material  sys-
tems  react.  The  further  expansion  and  detail  derivation
for different nonlinear effects can be found in the classic
book of nonlinear optics34.

ω1 ω2

Based on the nonlinear electromagnetic equations, the
nonlinear optical process also involves the interaction of
multiple  photons  and  excitation  of  the  electrons  of  the
materials  systems,  which can be  used to  understand the
saturable  absorption.  A  simplified  schematic  involving
two  photons  is  presented  in Fig. 1.  and  denote
photons. The solid line is the ground energy state for the
electrons in the material system and dash lines stand for
excited states1.  In this process, the electron absorbs both
photons and is excited to the energy state with higher en-
ergy.  The  possibility  of  the  electron  to  enter  the  excited
states 1 and 2 are denoted as P1 and P2 (such possibility
is also denoted as the cross-section). After the excitation,
those  electrons  can  also  release  the  energy  and  come
back  to  the  ground  state.  For  the  linear  absorption,  the
incident  light  is  weak.  Most  of  the  electrons  are  in  the
ground state.  The  absorption  of  the  material  is  domin-
ated by P1.  However,  in a  nonlinear optical  process,  the
incident light is intensified, electrons can be excited both
from  the  group  state  to  the  first  excited  state  and  from
the first excited state to the second excited state, which is
indicated by the arrows in the figure. In this case, the ab-
sorption  of  the  material  depends  both  on P1 and P2.  In
the  case  of  the  saturable  absorption, P2 is  smaller  than
P1. In other words, those excited electrons are less likely
to  further  absorb  photons  and  jump  to  higher  states.
From  the  macro-scale  perspective,  the  material
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“saturates” and absorbs fewer photons. For these materi-
als, the transmittance increases for the incident light at a
higher intensity. It also explains why the optical nonlin-
ear process normally requires high power laser to main-
tain  the  electrons  in  high  energy  states.  For  the  case  of
the  reverse  saturable  absorption  (optical  limiting), P2 is
larger than P1. The material absorbs more photons when
the electrons are excited and the transmittance drops. P1

and P2 depend on many factors  of  the  materials  system
as  well  as  the  environment.  The  practical  case  is  more
complicated  than  the  simplified  illumination  above.
Hence, it is more convenient to propose a model to link
the nonlinear absorption coefficient directly with the in-
tensity of incident light. The following equation is widely
used to describe the nonlinear optical absorption: 

α (I) = α0 + βI , (3)

α
α0

β

where  is the nonlinear absorption coefficient at differ-
ent  intensities,  is  the  linear  absorption  coefficient, I
indicates the light intensity, and  is a parameter known
as  the  nonlinear  absorption  coefficient  depending  on
materials. Equation (3) directly describes  the  nonlinear-
ity of  the material  by the nonlinear coefficients  that  can
be measured experimentally, which is useful to quantitat-
ively characterize  the  nonlinear  performance  of  the  sys-
tem. As demonstrated in the following sections, the non-
linear absorption  coefficient  is  one  of  the  most  import-
ant parameters to determine the functionality of nonlin-
ear systems. Most researches in this field focus on how to
fabricate materials  with large nonlinear coefficients,  im-

prove conventional  systems  based  on  nonlinear  materi-
als, and  design  nonlinear  devices  to  address  new  chal-
lenges.  Many  factors  can  be  studied.  For  example,  the
morphology of the nanoparticles affects their optical  re-
sponses,  especially  for  the  metallic  nanoparticles,  as  the
surface  plasmon resonance  is  mostly  determined  by  the
material,  shape, and size.  For the metallic nanoparticles,
if the  shape  is  not  isotropic,  their  optical  responses  de-
pend on the polarization states  of  light.  In addition,  the
asymmetric  nanoparticles  can  also  be  used  to  control
light polarization in the nanoscale, revealing great poten-
tials  for  many  nonlinear  optical  devices  sensitive  to  the
light  polarization35.  Similarly,  the  morphology  of  the
nanoparticles also influences other optical properties in-
cluding  transmittance  and  absorption.  These  optical
properties are  important  for  nonlinear  optical  perform-
ance.  For  example,  the  transmittance  is  critical  for  both
saturable absorption  and  optical  limiting.  The  absorp-
tion is critical for the up-conversion and frequency mix-
ing. Hence,  the  morphology  engineering  of  the  nano-
particles is one important research direction. 

Z-scan technology
Besides the  theoretical  investigation,  experimental  ap-
proaches need to be designed to measure nonlinear coef-
ficients  for  different  material  systems.  Many  methods
have been designed. Among them, Z-scan technology is a
widely used  technique  to  effectively  measure  both  non-
linear  absorption  and  refractive  index.  Z-scan  was
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Fig. 1 | Schematics of nonlinear processes. (a) Saturable absorption. (b) Optical limiting1.
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invented in 1989 and became well-known for its simpli-
city  and  high  sensitivity36.  The  schematic  of  a  Z-scan
setup  is  shown  in Fig. 2.  It  works  on  the  principle  of
moving samples in the optical path of a focused Gaussi-
an laser beam. To achieve it, the Gaussian beam is firstly
focused by a lens and the focal spot is marked as the zero
position.  The  direction  of  the  optical  path  is  denoted
as the Z axis.  Along  the Z axis,  the  light  intensity  keeps
increasing until it reaches the maximum at the focal spot
(zero  position).  As  the  sample  scans  along  the Z axis,  it
experiences  different  light  intensities  depending  on  its
position. A detector is positioned at the end of the Z axis
to record transmitted light power. To compare the detec-
ted light intensity with input light intensity, the sample’s
transmittance can  be  calculated.  Hence,  the  transmit-
tances  at  different  laser  intensities  can  be  plotted  in  a
single scan cycle  and the  information of  its  nonlinearit-
ies can be extracted by analyzing the plot. Depending on
nonlinear  coefficients  to  be  characterized,  two  types  of
Z-scan  techniques  have  been  developed,  namely  the
closed  aperture  and  open  aperture  Z-scans.  For  the
closed aperture  Z-scan,  an aperture  is  positioned before
the  detector  as  shown  in Fig. 2(a).  With  the  aperture,
only a portion of the transmitted light can be captured by
the  detector.  It  makes  the  measurement  sensitive  to  the
change  of  laser  beam,  such  as  spreading  or  focusing.
When the sample locates at different Z positions, its non-
linear refraction causes the change of the laser beam and
the light intensity captured by the detector varies accord-
ingly. Hence,  its  nonlinearity  can  be  measured  by  scan-

ning  the  sample  along  the Z axis  and  recording  the
transmittance.

However,  the  closed  aperture  Z-scan  has  one  issue
when measuring the nonlinear refraction. For most ma-
terials, nonlinear refraction and nonlinear absorption co-
exist. Hence, the transmittance measured by the detector
is also affected by the nonlinear absorption of the materi-
al.  To  address  this  challenge,  the  open  aperture  Z-scan
technique  was  invented.  For  the  open  aperture  Z-scan
setup, most of the components are the same as the closed
aperture Z-scan,  except  that  a  focal  lens is  added before
the  detector  as  demonstrated  in Fig. 2(a).  While  only  a
portion  of  the  transmitted  light  can  be  captured  by  the
detector  for  the  closed  aperture  Z-scan,  this  additional
focal  lens  is  used to  focus  all  the  light  into the detector.
As the  detector  captures  all  the  light,  the  nonlinear  re-
fraction  no  longer  affects  the  measurement.  Hence,  the
transmittance only depends on the nonlinear absorption.
The transmittance at different Z positions can be used to
calculate  the  nonlinear  absorption  coefficient.  A  typical
open aperture  Z-scan  experimental  setup  is  demon-
strated in Fig. 2(b). The laser source provides light at the
desired wavelength. The light intensity can be controlled
by a pair of polarizers. A pinhole is added after the polar-
izers  to  control  the  waist  of  the  laser  beam.  The  beam
splitter  is  used  to  split  the  laser  beam  and  measure  the
input  intensity  as  the  reference.  A  lens  is  used  to  focus
the laser beam and create the light profile desired for the
Z-scan.  The  sample  is  put  on  a  translational  stage  to
move  along  the Z axis.  A  detector  is  used  to  capture  all
the  light  transmitted  through  the  sample.  In  this  setup,
the sensing area of the detector is large enough so no fo-
cal lens  is  needed.  Otherwise,  an  additional  lens  is  re-
quired to ensure all the transmitted light is detected.

The  data  measured  in  a  Z-scan  cycle  can  be  used  to
plot the measured transmittance at different Z positions.
Fitting this curve with the formula derived by the theor-
etical models  allows  calculating  the  nonlinear  coeffi-
cients. For the nonlinear absorption, the coefficients can
be  written  as Eq.  (3).  The  normalized  transmittance  at
different Z positions can be derived as:37
 

T (z) = 1√
πq0 (z)

w ∞

−∞
In

[
1+ q0 (z) e−τ2

]
dτ , (4)

 

q0 (z) =
βI0Leff

1+
z2

z20

, (5)
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Fig. 2 | Experimental  setups  of  Z-scan.  (a)  Open  aperture  and

close  aperture  Z-scan  systems.  (b)  Components  to  construct  the

open aperture Z-scan with tunable incident laser power62.
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Leff =
1− e−α0L

α0
, (6)

q0for | | < 0, Eq. (4) can be written as: 

T (z) =
∑∞

m=0

[−q0 (z)]m

(m+ 1)
3
2

, (7)

z0 = kω2
0/2

k = 2π/λ ω0

Leff

α0 β
λ

I0

where  is known as Rayleigh length or diffrac-
tion  length  of  the  beam.  the  wave  vector. 
the waist radius of the input laser beam at focus.  the
effective  length  of  the  sample,  and  the  linear  and
nonlinear  absorption  coefficients  same  as Eq.  (3),  the
incident laser wavelength,  the incident laser beam in-
tensity, and L the sample thickness. Fitting T(z) to differ-
ent points on the Z-scan curve can calculate the nonlin-
ear absorption coefficients of material.

Similarly, numerical  fitting can also be  used to  calcu-
late the nonlinear refraction coefficients from the data of
the closed aperture Z-scan. The transmittance is affected
by both  the  nonlinear  absorption  and  nonlinear  refrac-
tion.  Hence,  the  optical  nonlinear  absorption  at  each
point should firstly be calculated from the open aperture
Z-scan. To  achieve  this  purpose,  the  normalized  trans-
mittance  for  the  closed  aperture  Z-scan  is  divided  by
transmittance  of  the  open  aperture  Z-scan  at  the  same
experimental  conditions.  Then,  the  following  equations
derived  from  the  theoretical  model  can  be  used  for
fitting: 37
 

T (z) =

w ∞

−∞
Pt (t)

[
Δφ0 (t)

]
dt

S
w ∞

−∞
Pi (t) dt

, (8)

 

Pi (t) = πω0
2I0 (t) /2 , (9)

 

S = 1− exp
(
−2r2a
ω2

a

)
, (10)

 

Δφ0 = kΔn (t) Leff , (11)
 

Δn = γI0 (t) , (12)

Pt (t)

Pi (t)

Δφ0

Δn
ω0 I0 k Leff

ra
ωa γ

where  is the  transmitted  power  through  the  aper-
ture,  which  can  be  obtained  by  spatially  integrating  the
electric  field  at  the  aperture;  the instantaneous  in-
put  laser  power, S the  linear  transmittance  through  the
aperture,  the phase  shift  introduced  by  the  nonlin-
ear  refraction  of  the  sample,  the variance  of  refract-
ive  index. , , ,  and  are  defined  the  same  as  the
previous  nonlinear  absorption  calculation,  the  radius
of the aperture,  the beam radius at the aperture,  the
nonlinear  refraction  coefficient,  which  is  the  parameter

of  interests.  By  fitting Eq.  (8) with  the  data  collected  in
the closed aperture Z-scan measurement, one important
feature of the nonlinear curve is identified: 

ΔTp-v
∼= 0.406(1− S)0.25|Δφ0|, (13)

for 

|Δφ0| < π, (14)

ΔTp-vwhere  denotes the peak to valley normalized trans-
mission difference in the Z-scan curve, which can be dir-
ectly  calculated  from  the  data.  Therefore, Eqs.  (13) and
(14) can be  used  directly  to  calculate  the  nonlinear  re-
fraction  coefficients.  With  the  Z-scan  technique  and
equations summarized in this section, the nonlinear per-
formance of a system can be quantitatively characterized
and benchmarked with other systems, which offers con-
venient ways  and standards to  evaluate  the optical  non-
linearities for different materials and design new devices. 

Laser ablation to synthesize nanoparticles
Laser  ablation  to  produce  nanoparticles  has  developed
into an important field. It is known as a green, efficient,
and  universal  physical  approach  for  nanoparticles’ gen-
eration, versatile  for  fast  one-step  synthesis  and  poten-
tial mass  production.  It  is  a  flourishing  research  direc-
tion widely applied in biology, chemistry, optics, materi-
als science, and many other research fields. Various types
of  materials  are  available,  including  semiconductors,
metals,  organics,  and  hybrid  composites.  Based  on  high
power  lasers,  many other  techniques  are  developed.  For
example, for nanoparticles in liquid, laser fragmentation
can be used to further reduce the nanoparticles’ sizes. On
the  other  hand,  laser  melting  method  can  heat  metallic
nanoparticles until  they  are  melted  and  combined  to-
gether to form larger particles. Other techniques can also
be used for defect engineering and modification of optic-
al properties31. Different reviews were published to sum-
marize the physics behind, various types of materials, the
influence  of  different  experimental  factors,  applications,
and challenges23−33.

Laser ablation has proven to be a successful approach
for  nonlinear  optical  nanoparticles’ synthesis  due  to  the
following  advantages28,38,39. For  purity: Most of  the  ap-
plications  require  nanoparticles  to  have  specific  surface
activities  without  any  residual  chemical  precursors.  For
other synthesis methods, this requires complicated treat-
ments  and  cleaning.  Laser  ablation  is  a  direct  physical
approach fundamentally  different  from  chemical  meth-
ods.  It  produces  nanoparticles  with  high  purity,  which
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facilities the  direct  use  of  nano-products  for  optical  ap-
plications in medical, chemical, biological, and biochem-
ical  fields.  In  addition,  the  products  do  not  contain  any
capping ligands on their surfaces, favorable as the react-
ants  for  further  modification  or  processing.  Due  to  its
straightforward  process  without  any  requirement  for
post-processing,  laser  ablation  for  nanoparticles’ syn-
thesis  can be  conducted automatically.  This  process  can
be  optimized  to  provide  great  potential  for  the  scalable
production  of  nanoparticles. For  flexibility: Laser abla-
tion is a versatile approach to synthesize nanoparticles by
demands, which can be widely applied to almost all ma-
terials, ranging from metals, dielectrics, to polymeric ma-
terials with proper laser ablation parameters. Even nano-
particles of complex multi-elements or alloys can be syn-
thesized  freely.  Highly  flexible  combinations  of  target
materials and  the  surrounding  matrices  can  be  con-
sidered to  make  different  functional  devices.  Nano-
particles can be synthesized in most solutions of choices.
Laser  ablation  is  capable  to  produce  nanoparticles  with
various  properties,  including  structures,  compositions,
sizes  &  size  distributions,  and  concentrations  inside  a
solution.  A  variety  of  laser  processing  parameters  allow
great  flexibility  in  the  nanoparticles’ production,  which
includes  laser  fluence,  pulse  duration,  repetition  rate,
and  light  wavelength.  The  electroaffinity  and  defects  of
the nanoparticles can be controlled. Many laser ablation
processes do not require special experimental conditions
or  post-treatments.  The  process  can  be  conducted  at
room  temperature  and  in  ambient  air. For  operation:
Laser ablation does not require a long reaction time. It is
a single-step synthesis which can be completed in a short
time.  Laser  ablation  is  highly  efficient,  sustainable,  and
environmentally  friendly,  which  is  compatible  with  the
principles  of  environmental-friendly  synthesis40. Differ-
ent  from  the  conventional  chemical  process,  minimal
manual operation  is  involved.  It  does  not  require  pyro-
phoric,  hazardous,  or  toxic  chemical  precursors.  The
substrate  materials  for  laser  ablation  are  often  several
times cheaper than the compounds used in the chemical
processes. Furthermore, it does not involve critical safety
issues.  Laser  ablation  can  provide  a  localized  high-pres-
sure and  high-temperature  environment  at  the  laser  fo-
cal spot.  Such a condition is  favorable for many materi-
als  which  require  localized  extreme  conditions,  such
as  for  the  synthesis  of  cubic  boron  nitride
nanoparticles39,41−43. 

Nanoparticles’ synthesis experimental setup
To  design  the  synthesis  experiment  and  select  proper
parameters,  the  experimental  setup  and  its  operation
process  are  revisited.  Laser  ablation  experimental  setup
can  be  highly  flexible  to  address  various  demands  of
nonlinear  optical  nanoparticles.  It  primarily  consists  of
two  key  subsystems:  the  optical  system  and  chamber  to
host  the  substrate  (Fig. 3).  The  optical  system  involves
two parts: laser source and optics to modulate laser beam
(Fig. 3(a)).  For  the  selection  of  optical  components,  a
balance needs to  be kept  between the long working dis-
tance  and  high  laser  fluence,  as  an  optical  lens  with  a
large numerical aperture (NA) can increase the laser flu-
ence but sacrifices the working distance. During the op-
eration,  a  Galvo  scanner  is  typically  used  to  constantly
change the position of the focal point to ensure full inter-
action  with  the  substrate  surface,  which  maintains  the
uniformity  in  the  nanoparticles’ fabrication.  Chamber
design highly depends on matrix selection. For vacuum,
a sealed chamber is required to connect to a pump to re-
move the gas out.  For the gas matrix other than air,  the
substrate is  put  into  a  sealed  chamber  with  a  flat  trans-
parent glass  window to transmit  laser  in.  Pipes are con-
nected  to  the  chamber  as  the  supply/outlet  of  selected
gases to provide the proper matrix. For the liquid matrix,
the substrate is immersed inside a liquid container and a
heating plate may be used to control the temperature.

Customized chamber design can also be considered to
meet requirements  for  specific  nonlinear  systems or  ex-
tend functionalities. For example, as direct laser ablation
normally synthesizes  nanoparticles  with a  wide size  dis-
tribution,  it  is  a  primary  challenge  to  produce  or  select
nanoparticles  with  similar  sizes,  as  shown  in Fig. 3(b)44.
However, for optical nonlinear applications, particle size
is  a  critical  parameter  to  affect  the  device  performance,
such  as  surface  plasmonic  resonance  peak.  Different
from conventional designs,  the substrate is put in a ver-
tical direction and laser irradiates at an angle of ~45 de-
grees to the horizontal direction. Since laser ablation is a
dynamic  process  of  rapid  removal  of  target  materials,  a
recoil  pressure is  generated and acts  on the target  when
the species  leave the surface.  The evaporated atoms and
plasma species form nanoparticles in ambient air during
its  dynamic process  flying away from the target.  Due to
the gravity  force,  nanoparticles  eventually  land  on  col-
lectors.  Different  sizes  of  nanoparticles  are  ejected  from
the target at different speeds. Thus, the distance between
the target  and the landing point of  the nanoparticles  on
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the substrate  is  different  for  different  sizes  of  nano-
particles.  Large nanoparticles  are  close  to  the target  and
the size distribution shifts towards smaller nanoparticles
at a  longer  target –substrate  distance.  Hence,  nano-
particles of  various  sizes  are  separated  nicely.  Con-
sequently, holes in the collectors can be used to separate
and  collect  nanoparticles  at  different  sizes45. Further-
more, other chamber designs can also be considered. For
the liquid matrix, multiple substrates can be used for the
synthesis of alloys or hybrid nanoparticle compounds46,47.
Substrates  are  immersed  inside  the  liquid.  To  further
control the morphology of the nanoparticles synthesized,
a couple of electrodes can also be applied on two sides of
the  liquid  tanks  to  apply  a  DC  electric  field48.  In  some
cases, the  laser  ablation  can  trigger  the  undesired  reac-
tions  between  the  substrate  materials  and  liquid.  To
avoid undesired reactions, the substrate can be firstly ab-
lated inside the chamber with a continuous gas flow. The
gas  flow  then  carries  the  synthesized  nanoparticles  out.
The gas flow can then be guided to mix with the liquid to
prepare  the  solution  of  the  nanoparticles.  Additional
cases of more customized chamber designs for more spe-
cific  purposes  can  be  referred  in  the  literature26,27,48.  For
example,  carbon  nanoparticles  can  be  synthesized  in
vacuum49.
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Fig. 3 | Experimental  setups. (a)  Laser  ablation  inside  a  vacuum

chamber for selected gas matrix. (b) Laser ablation with the size se-

lection of nanoparticle synthesis in air.
  

Optimization of experimental factors for different
nanoparticles’ synthesis
Once the experimental setup is constructed, proper para-
meters need to be determined to produce desired nano-
particles.  Many  parameters  affect  the  properties  of  the
nanoparticles synthesized, including laser pulse duration,
wavelength,  repetition  rate,  and  laser  fluence50.  i) Pulse
duration affects  laser  peak  intensity  as  well  as  ablation
mechanism. Many types of materials can be processed by
lasers  with  both  short  and  long  pulse  durations.
However, some materials are sensitive to the thermal ef-

fect  so  they  prefer  lasers  with  short  pulse  duration.  ii)
Wavelength is  closely  related to absorption coefficients,
which need to be selected properly based on the absorp-
tion  spectrum of  the  target.  The  wavelength  selection  is
also determined by the absorption of liquid. For a pulsed
laser with high peak power, it is necessary to consider the
nonlinear effects of the system in nanoparticles’ synthes-
is40.  iii) Repetition  rate determines  the  number  of  laser
pulses  in  a  unit  time.  Generally  speaking,  productivity
increases  linearly  with  the  repetition  rate51.  In  certain
cases, it is also reported that the repetition rate can affect
the  nanoparticles’ sizes. When  the  repetition  rate  is  in-
creased,  nanoparticles  produced  have  smaller  sizes  and
narrower  size  distributions52.  iv) Laser  fluence: A  lot  of
research  efforts  are  devoted  to  exploring  the  relation
between the  laser  fluence  and  morphologies  of  nano-
particles50. For every type of target, there is a threshold to
trigger the laser ablation, which should be the minimum
value of  laser fluence required to remove the target  ma-
terial. In the liquid matrix, laser beam needs to penetrate
the liquid layer to reach the target surface. Laser fluence
should not be too high to avoid the nonlinear effects and
breakdown  of  the  liquid.  In  the  air,  an  increase  of  laser
fluence  leads  to  an  increased  density  of  atoms  in  the
plasma, which  results  in  increased  sizes  of  the  nano-
particles. Laser fluence also influences the nanoparticles’
structure53.  Higher  laser  fluence  results  in  nanoparticles
with smoother surfaces and less irregular shapes54. It also
affects  the  size  distribution.  Furthermore,  laser
fluence  is  also  related  to  photothermal  reshaping  and
fragmentation55.

For the  chamber  sub-system,  the  matrix  and  sub-
strates are two important selections.  The gas system has
been explained in the previous section. The type of gas in
the  chamber  can  be  flexibly  controlled  by  pumping  the
desired gas. The pressure of the environment can also be
tuned with the pumping system. For materials being eas-
ily  oxidized,  protective  gas  is  required.  Liquid  matrix  is
also widely used. Common choices of the liquid matrices
are presented in Table 1. The choices of the matrix affect
the  expansion  velocity,  lifetime,  nucleation,  crystal
growth mechanism, and final structure of nanoparticles.
For example, in the steam environment, the ablation per-
formance  is  enhanced by  more  than 100% compared to
the synthesis efficiency in ambient air for certain cases56.
The thickness of the liquid layer certainly affects the con-
finement of the plasma plume expansion26. If the expan-
sion  of  the  plasma  plume  is  more  compressed  by  the
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liquid  matrix,  nanoparticles  with  smaller  diameters  are
produced  due  to  the  reduced  time  of  nucleation  and
growth. It is also demonstrated that the polarity of the li-
quid molecules  can  affect  the  size  distribution  of  nano-
particles57. Self-focusing and optical  limiting are also re-
lated to the final laser energy reaching the target surface.
When  the  incident  energy  exceeds  the  nonlinear
threshold of the liquid, nonlinear effects need to be con-
sidered58. For  further  modification  or  size  control  pur-
poses, surfactant or reaction agents can also be added in-
to the liquid to manipulate the nanoparticles’ synthesis31. 

Nonlinear optical nanoparticles’ production,
functions, and applications
 

Nonlinear optical nanoparticles’ production
Nanoparticles  are  the  fundamental  building  blocks  for
many nonlinear optical systems. Table 2 benchmarks the
sizes of nanoparticles with different micro/nano-systems.
In  this  section,  several  representatives  are  selected  to
demonstrate  how to produce nanoaprticles  with desired
optical properties. The composition and morphology are
two  important  features  to  determine  the  functionalities
of nanoparticles.  Among  the  great  variety  of  nano-
particles  available  by  laser  ablation,  three  categories  of
materials  are  selected  as  the  representatives  widely  used
in nonlinear optical systems, which introduces the meth-
ods  and  experimental  results  and  demonstrates  how  to
engineer  the  desired  composition  and  morphology.
These  case  studies  cover:  1)  carbons  and  organics
2)  metals  and  oxides,  and  3)  semiconductors  and
dielectrics. 

Carbon based materials
Many  types  of  carbon-based  materials  can  be  prepared
by  laser  ablation  as  demonstrated  in Fig. 4(a) to 4(c),

which are representatives to show how laser ablation can
engineer  different  compositions  of  the  nanoparticles
produced  from  the  same  type  of  substrate30,66. By  chan-
ging experimental  conditions,  carbon nanoparticles  fab-
ricated  have  features  that  are  different  from  each  other
(Figs. 4(a) and 4(b)). Carbon nanoparticles can be fabric-
ated inside a vacuum chamber. In the experiment, a KrF
excimer  nanosecond laser  with  a  wavelength  of  248  nm
and pulse  duration  of  23  ns  was  used  to  ablate  the  car-
bon plate. The laser fluence and repetition rates were 3.2
J/cm2 and  10  Hz,  respectively.  Nanoparticles  fabricated
had an average diameter of 20 nm. The sizes were relat-
ively uniform. It was found that the size depends on the
vacuum pressure. For a relatively low gas pressure, nano-
particles with smaller diameters could also be fabricated.
An increase in gas pressure led to a large average size and
size  distribution73.  While  for  the  laser  ablation in  water,
carbon  nanoparticles  with  a  wider  size  distribution  and
different morphologies  could  be  fabricated  as  demon-
strated in Fig. 4(b). In the experiment, a carbon plate was
ablated by the nanosecond laser at the wavelength of 532
nm. The repetition rate and laser fluence were measured
to  be  10  Hz  and  0.8  J/cm2,  respectively.  The  size  of  the
nanoparticles ranged  from  10  to  20  nm.  Carbon  nano-
particles with different features are used for various non-
linear  optical  applications.  For  example,  nanoparticles
ablated  in  liquid  demonstrated  superior  optical  limiting
performance compared to the benchmark materials, such
as  C60,  which  is  a  common  benchmarking  material  for
optical  limiting  performance74,75.  More  details  will
be  covered  in  the  later  section  on  the  nanoparticles’
applications.

One  interesting  topic  is  the  synthesis  of  nano-dia-
monds  (Fig. 4(c)).  Nano-diamonds  are  reported  to  have
nonlinear  responses  in  the  near-infrared  wavelengths76.
The  fabrication  often  involves  extreme  conditions,  such

Table 1 | Common liquid matrices for laser ablation.
 

No. Liquid Material Note

1 deionized water
Au59, Co57, Ag60, Ti61, Al61, Si62, ZnO63, Quantum dots (CdTe, CdSe,
ZnTe)64,65, Carbon-based materials66, Oxo(phthalocyaninato)vanadium67,
Alloys68

Most popular liquid matrix

2
n-hexane, diethyl ether, toluene, 2-
propanol, acetone, and methanol

Au57, Co57, Alloys69
Relatively stable organic
matrices

3 ethanol Al70, Ti61, ZnO63
Al slowly reacts with
oxygen70

4
chloroform, carbon tetrachloride,
dichloromethane, cyclohexane

Al71

Organic matrices with
different polarities and
densities

5 wax Si72 Phase change matrix
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as high temperature and high pressure, which is challen-
ging  for  most  other  techniques  in  ambient  conditions.
Laser  ablation  to  produce  various  types  of  nano-dia-
monds has a long history and is summarized in the refer-
ence77.  In  previous  studies,  focused  laser  beam  provides
the  desired  extreme  experimental  conditions  that  are
critical  for  diamond  formation.  The  synthesis  of  nano-
sized diamonds  is  often  conducted  in  liquid.  High  tem-
perature and  high  pressure  are  generated  in  the  expan-
sion  process  of  plasma  plume.  For  the  case  of  diamond
synthesis, the temperature and pressure are in the range
of 4000 to 5000 K and 10 to 15 GPa,  respectively78.  The
laser-induced plasma  contains  the  energetic  species  ab-
lated  from  the  carbon-based  substrate,  including  the
clusters  with  sp2 bonding,  electrons,  and  ions.  In  the
plasma plume,  the  condition  is  suitable  for  the  forma-
tion of diamonds. For this condition, the diamond phase
with sp3 bonding is  more stable than the graphite phase
with sp2 bonding. Hence, the formation of diamond nuc-
lei is preferable to that of graphite inside a plasma. Sub-
sequently, the diamond nucleation takes place and grows
from the  phase  transition.  It  is  also  reported that  inside

water, there is a sufficient supply of OH– and H+ ions to
maintain  the  incorporation  and  diffusion  mechanisms,
which promotes  the  growth  of  diamond  nuclei  by  sup-
pressing  graphite  sp2 bonding79.  The  shockwave  in  the
ablation  also  affects  the  generation  of  nano-
diamonds80,81.  Nano-diamond  with  different  properties
can be synthesized and deposited on a flat  metallic  sub-
strate, such as copper. However, the primary limitation is
the  size  of  the  diamond synthesized.  Due  to  the  limited
time of plasma plume expansion and condensation, most
diamonds synthesized  only  had  sizes  from  tens  to  hun-
dreds of nanometers78. Although many experiments have
been conducted, the synthesis process is still not fully un-
derstood due  to  its  complexity,  which  makes  it  challen-
ging to further increase the size77. 

Metals & oxides
Metallic and oxide nanoparticles have extensive applica-
tions for nonlinear optics as well as many other function-
al  devices32.  Morphology  is  critical  to  determine  the
properties of  the metallic  nanoparticles,  such as the res-
onance  wavelength  for  nonlinear  absorption82.  Three

Table 2 | Nanoparticles’ size comparison.
 

Wavelengths

0.01 nm 0.1 nm (1A) 1 nm 10 nm 100 nm 1 μm 10 μm

Pore sizes

Nanoparticles

Biological

systems

Aerosols

Atomic/

molecular

radius

InfraredVisible lightUltravioletX-rayGamma

ray

Micropores Mesopores Macropores

Hydrogen BiomoleculesLead

Gold, silver, copper colloids & dispersions Clusters & hybrids
Metallic

powders

Mechanically

grinded particles

Magnetic hybrids

Silicon colloids

TiO2 catalysts Dielectric hybrids

Oxides nanoparticles & composites

Core-shell & other hybrid structures

Nano-diamond Graphite powders

Carbon-based nanoparticles, nanotubes, & hybrids

Organic nanoparticles, composites, & hybrids

PMMA, PLGA nanoparticles

DNA Liposome

Virus

Cigarette

smoke
PM 2.5

Bacterial

Fog

Cells

Red blood cell

Starch
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examples demonstrate how laser ablation can produce a
variety of Au nanoparticles with different morphologies,
as  demonstrated  in Fig. 4(f). Different  colors  in  the  fig-
ure are attributed to different surface plasmonic proper-
ties83. Many  efforts  are  devoted  to  produce  Au  nano-
particles  with  desired  sizes  and  shapes84. Gold  nano-
particles  were  fabricated  with  a  nanosecond  laser  at  a
wavelength of 1064 nm. A gold substrate was immersed
inside water during the ablation. The repetition rate and
laser fluence were set as 100 kHz and 12.5 J/cm2, respect-
ively.  The diameters  of  the  gold nanoparticles  were  in  a
range from  5  to  30  nm.  The  color  of  the  dispersion  re-
flected the  plasmonic  properties  of  nanoparticles,  indic-
ating the capability  to  engineer  and shift  the  absorption
peaks for  nonlinear  applications.  Reshaping  and  frag-
mentation of  Au nanoparticles  were  also  widely  studied
for size modification32. For example, it was reported that
800 nm  femtosecond  pulsed  laser  could  reshape  aniso-
tropic  Au  nanoparticles  into  spherical  shapes85.  On  the
other hand, nanosecond laser pulses resulted in the frag-

mentation  of  Au  nanoparticles86.  Fundamentally,  the
electron  dynamics  of  nanoparticles  and  the  relaxation
processes  after  the  laser  irradiation  were  reported  to  be
the mechanisms to govern both the reshaping and frag-
mentation phenomena87. The key parameters to determ-
ine the processes are both the laser parameters and ma-
terial properties88,89.

Furthermore,  the  morphology  of  the  nanoparticles  is
not limited to spherical shapes. Many factors can change
the shape of the nanoparticles, including the addition of
surfactants  and  applying  external  electric  fields90.  SEM
image  of  the  CuO  nanospindles  is  shown  in Fig. 4(g),
which  also  demonstrates  controllable  nonlinear  optical
responses depending on their shapes91. For the laser abla-
tion  synthesis  of  nanoparticles,  a  nanosecond  laser  at  a
wavelength of 532 nm was used to ablate the copper tar-
get  inside  water.  The  repetition  rate  and  pulse  energy
were 5 Hz and 100 mJ, respectively. To control the shape
of  the nanoparticles  synthesized,  a  couple  of  copper foil
electrodes  were  fixed  on  the  walls  of  the  liquid  tank.  A
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Fig. 4 | Nanoparticles synthesized by laser ablation. (a) TEM image of carbon nanoparticles synthesized with an average size of 6.5 nm. (b)

TEM image of carbon nanoparticles fabricated in liquid. (c) TEM image of nano-diamond particles fabricated by laser ablation. The diamond nan-

oparticle was measured to have a grain size ~300 nm. (d) TEM image of organic particles fabricated in water. (e) SEM image of the Co nano-

particles synthesized. (f) Optical images of various metallic nanoparticles’ dispersions. Colors of Au, Ag, Al, Cu, Ti, and Ni nanoparticle disper-

sions are dark red, orange, transparent, dark green, blue, and dark yellow, respectively. (g) SEM image of CuO nanospindles. (h) SEM image of

silicon nanoparticles synthesized in water. Most nanoparticles were around 100 to 300 nm. Some were below 100 nm. (Inset: zoom-in SEM im-

age). (i) SEM image of TiO2/Ag hybrid nanoparticles. The size ranged from 20 to 30 nm. (j) SEM picture of GeO2 nano-rods synthesized in water.

(k)  SEM picture  of  the  urchin-like  ZnSnO3 nanoparticles.  Inset:  zoom-in  picture  of  a  single  urchin-like  nanoparticle58,62,73,74,120−122. Figure  repro-

duced from: (b) ref.74, American Institute of Physics; (c) ref.120, Springer-Verlag; (d) ref.121, Elsevier; (e) ref.122, Elsevier; (h) ref.62, under a Creative

Commons Attribution 3.0 License.
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DC electrical field with an adjusting voltage was applied.
It was  found  that  the  shape  of  the  nanoparticles  de-
pended  on  the  strength  of  the  electric  field  applied.  As
the  electric  field  increased,  nanoparticles  changed  from
nano-rods to nanospindles as demonstrated in Fig. 4(g).
The  aspect  ratio  could  be  flexibly  controlled,  which
demonstrated the capability to engineer the morphology
of the nanoparticles synthesized by laser ablation. 

Semiconductors and dielectrics
Laser ablation is also a powerful tool to synthesize semi-
conductor and dielectric nonlinear optical nanoparticles.
Many types of nanoparticles are available, including silic-
on, silica,  germanium  and  its  oxides,  phase  change  ma-
terials,  and  dielectric  oxides62,72,92−94. Among  them,  silic-
on  is  a  widely  used  nonlinear  semiconductor  material
with  a  number  of  applications62. Figure 4(h) shows  the
silicon nanoparticles synthesized by laser ablation inside
water.  The  pulse  duration  and  wavelength  of  the
Nd:YAG  laser  used  in  the  experiment  were  1.5  ns  and
1064 nm,  respectively.  The  repetition  rate  was  60  kHz
and the laser fluence was measured to be 0.8 J/cm2 at the
focal point. For the SEM characterization, the dispersion
of the  silicon  nanoparticles  was  dropped  onto  an  un-
doped silicon substrate. The Si nanoparticles were mostly
spherical. The size distribution ranged broadly from 5 to
400 nm, while most of the nanoparticles had a diameter
of  100  to  200  nm.  Silicon  wafers  with  different  doping
types and  concentrations  were  ablated  by  the  same  ex-
perimental setup. The size distributions were reported to
be  similar  for  silicon  substrates  with  different  doping
concentrations62,95.  The  addition  of  dopants  is  required
to  achieve  tunable  optical  nonlinear  functions,  which
may  be  challenging  for  other  nanoparticle  synthesis
methods. The details of their nonlinear performance will
be discussed in the next section. However, for laser abla-
tion,  various  morphologies  and  compositions  of  silicon
nanoparticles can be synthesized as it is highly flexible to
select  different  substrates96.  For  the  improved  control
and production of selective sizes of nanoparticles with a
more uniform  distribution,  the  experimental  setup  dis-
cussed in the previous section can be considered62,72.

Dielectrics are also important optical nonlinear mater-
ials for many devices97. Many dielectric nanoparticles are
synthesized  by  laser  ablation  (Fig. 4(i)).  TiO2 nonlinear
nanoparticles  could  also  be  synthesized  by  Nd:YAG
nanosecond  pulsed  laser  with  a 1064 nm  wavelength.
The  repetition  rate  was  10  Hz.  A  titanium  metal  plate

was used as the substrate inside DI water. TiO2 has a rel-
atively high  refractive  index.  The  nanoparticles  pro-
duced were  characterized by SEM and presented in Fig.
4(i).  The  size  of  the  TiO2 nanoparticles  ranged  from 20
to 30 nm. Ag deposited TiO2 nanoparticles could also be
fabricated  to  enhance  the  optical  performance.  To
achieve this objective, a silver plate was subsequently put
into  the  TiO2 nanoparticles  solution  and  ablated  by  the
same laser. Ag nanoparticles synthesized were measured
to  have  an  average  diameter  of  10  nm92.  Laser  ablation
demonstrated  the  flexibility  to  further  decorate  TiO2

nonlinear nanoparticles with different metallic nano-ma-
terials. Huge potentials can be explored as laser ablation
can be applied to synthesize  hybrid materials  and alloys
for hybrid nonlinear systems. For example, this TiO2 ex-
periment only demonstrates the process with a two-step
laser  ablation.  More  laser  ablation  steps  can  be  used  to
add  different  materials  in  the  composites  to  fabricate
more complicated nanoparticles based on three or more
materials,  which  can  meet  demands  for  different  multi-
functional devices.

Many  functional  devices  demand  nonlinear  optical
nanoparticles to have different shapes.  Similar to metals
and oxides, nanoparticles other than spherical shapes are
available.  GeO2 based  hybrid  system  has  also  been
proven  to  be  a  good  candidate  for  nonlinear  devices98.
Figure 4(j) is the SEM image of the GeO2 nano-rods syn-
thesized  by  laser  ablation99.  A  nanosecond  laser  at  a
wavelength of  532  nm  was  used  to  ablate  the  Ge  sub-
strate inside water.  The repetition rate and pulse energy
were 5 Hz and 150 mJ, respectively. An external electric
field  was  applied  through  a  couple  of  DC  electrodes
placed at both sides of the liquid tank. Similar to the syn-
thesis of oxide nanoparticles, the external electric field is
proved  to  be  effective  to  control  the  morphology  of
nano-rods. Figure 4(k) is the  SEM image of  another  ex-
ample  to  demonstrate  urchin-like  ZnSnO3100 . A  nano-
second laser at a wavelength of 1064 nm was used to ab-
late  a  zinc  plate  inside  water.  The  repetition  rate  and
pulse energy were 10 Hz and 100 mJ, respectively. In this
process,  the  colloidal  solution  of  ZnOx(OH)y was pro-
duced.  The  same laser  ablation  experimental  conditions
were applied to prepare SnOx precursors. These two pre-
cursors  were  then  mixed  at  a  volume  ratio  of  1∶1.  A
strong ammonia solution (28%) was added and the mix-
ture was heated up to 180 °C for 15 hours.  The product
was  collected,  centrifuged,  and  washed  with  DI  water.
The collected nanoparticles proved to be useful with high
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photocatalytic  activity  for  waste  reduction.  Depending
on the applications, laser ablation is a versatile method to
produce nanoparticles with various desired shapes. 

Nonlinear optical nanoparticles’ performance
The performance of  the nanoparticles is  based on many
factors.  In  this  section,  concepts  and  demonstrations  to
achieve  various  types  of  functions  are  introduced.  We
shall begin with the most fundamental systems which in-
volve nanoparticles  directly  mixed in different  matrixes.
Secondly,  more  complicated  systems  based  on  hybrid
components  are  introduced.  The  functionalities  and the
performance are  further  enhanced.  Finally,  the  discus-
sion continues  from static  to  dynamic  nonlinear  optical
systems with rich mechanisms and physics to achieve su-
perior  properties,  such  as  tunable  nonlinearity  and
self-healing. 

Nonlinear optical nanoparticles inside different
matrices
Various types of systems based on nonlinear optical nan-
oparticles have been proposed. The most basic type is to
mix the nanoparticles inside transparent liquids to form
a solution with optical nonlinearity. The performance of
this  nonlinear  system  primarily  depends  on  the  type  of
nanoparticles75.  Hence,  three  examples  are  selected  for
different categories of  materials.  The first  case is  carbon
nanoparticles.  Carbon  nanoparticles  with  the  average
sizes ranging  from  3.5  to  6  nm  are  prepared.  No  addi-
tion of  any  surfactant  is  required  as  the  carbon  nano-
particles are self-stabilized in liquid. Raman characteriza-
tion shows  that  the  carbon  nanoparticles  in  tetrahydro-
furan are amorphous in carbon bondings, which demon-
strates the  presence  of  polymerization  during  nano-
particles' formation.  The  transmittance  of  the  prepared
sample was measured with a  Q-switched Nd:YAG laser.
The wavelength is 532 nm with the laser pulses of nearly
Gaussian profile and 7 ns pulse duration. The laser beam
was focused into the sample by a focusing mirror at a fo-
cal  length  of  25  cm.  The  thickness  of  the  sample  was
measured to be 1 cm. The results are presented in Fig. 5.
The transmittance begins to decrease at a laser fluence of
0.3 J/cm2 and becomes nearly 33% of the initial  value at
10  J/cm2.  It  demonstrates  an  excellent  optical  limiting
behavior. The  nonlinear  performance  of  carbon  nano-
particles inside water is also plotted as the reference. It is
found that the size of the nanoparticles plays an import-
ant role.  When the  size  is  less  than  3.5  nm,  the  nonlin-

earity disappears and no optical limiting behavior is ob-
served for the laser fluence up to 10 J/cm2. This is due to
the nonlinear  scattering  induced  by  the  carbon  nano-
particles.  Larger  nanoparticles  with  a  bigger  absorption
cross-section  can  form  solvent  bubbles  more  effectively
than smaller nanoparticles. Hence, the nonlinear scatter-
ing performance is enhanced75.

Silver  nanoparticles  are  selected  as  an  example  of
metallic materials.  Silver  nanoparticles  can  also  be  pre-
pared in the polymethyl methacrylate (PMMA) film. The
silver  metal  foil  is  ablated  in  tetrahydrofuran  to  obtain
the  nanoparticles.  Purified  PMMA  is  added  and  mixed
together. The mixture is then cast on a 70 mm diameter
petri dish to produce a film with 0.18 mm thickness after
drying.  The  sizes  of  the  nanoparticles  range  from  15  to
30 nm in diameter. Most of the nanoparticles are spher-
ical. As a reference, silver nanoparticles in water are also
fabricated. Sulfosuccinate is added into the water matrix
as the surfactant to stabilize the silver nanoparticles and
help them better disperse in water. Otherwise, silver nan-
oparticles tend  to  reside  around  the  ablation  spot,  ab-
sorb the incident  laser  pulses,  and decrease significantly
the  yield  of  the  final  product.  The  same  532  nm  pulsed
laser is used for the measurement of optical nonlinearity.
To reduce the average power, the laser is set to operate in
the  single-shot  mode.  A  combination  of  half  waveplate
and  polarizer  is  used  to  control  input  laser  fluence.  A
lens with the focal length of 25 cm is used to focus the in-
cident laser beam to the center of the quartz cuvette with
a  1  cm  optical  length,  which  contains  the  sample,  as
shown in Fig. 5(b). Silver nanoparticles demonstrate op-
tical limiting in both the PMMA film and water. As a ref-
erence, both pure water and PMMA do not demonstrate
any  nonlinear  behaviors.  Silver  nanoparticles  in  water
exhibit  nonlinear  transmission  at  the  threshold  of  0.4
J/cm2.  For  PMMA  film  containing  silver  nanoparticles,
the threshold is slightly higher (0.6 J/cm2). It is reported
that  the  nonlinear  absorption  of  silver  nanoparticles  in
the  nanosecond  time  scale  is  due  to  the  photoinduced
formation  of  electron  hole  pairs  that  offer  strong  free-
carrier absorption. Meanwhile, other mechanisms associ-
ated with the  interaction between the  nanoparticles  and
the  matrix  can  be  responsible  for  the  enhanced  optical
limiting behavior  of  silver  nanoparticles  suspended  in-
side an aqueous solution.

Semiconductors are also functional materials for non-
linear optical  devices.  Silicon  nanoparticles  with  differ-
ent  doping  concentrations  are  demonstrated  as  an
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example of the cost-efficient, highly flexible, and low tox-
ic  candidates.  Detail  fabrication  process  is  discussed  in
the previous  section.  The  silicon  nanoparticles  fabric-
ated  by  laser  ablation  have  the  size  distribution  ranging
from 10 to 400 nm, with the distribution peak located at
100–200 nm. Such size distribution is similar for silicon
wafers  at  different  doping  types  or  concentrations.  To
characterize  the  nonlinear  optical  responses,  both  open
and  close  aperture  Z-scan  experiments  are  conducted.
The setup and experimental procedure are introduced in
the previous section. The results are summarized in Figs.
5(c) and 5(d).  All  the  P-type  silicon  nanoparticles  with
different  doping  concentrations  demonstrate  features  of
saturable absorption. Comparing the curves for different
samples,  the  peak  transmittance  increases  with  doping
concentration, which indicates that the saturable absorp-
tion is  enhanced  by  the  dopants.  The  enhanced  nonlin-
ear performance is  attributed to the mechanisms of  free
carrier absorption, which is discussed in detail in the pre-

vious sections of nonlinear mechanisms. The dopants in-
crease  the  number  of  free  carriers  in  the  materials  and
promote the nonlinear behaviors.  For the close aperture
Z-scan, all  the  samples  demonstrate  self-focusing  fea-
tures with similar peak transmittance. As the concentra-
tion of the silicon nanoparticles in water is relatively low,
the effect  of  doping  concentration  is  not  as  obvious  ac-
cording to the open-aperture Z-scan measurement. 

Nanoparticles for hybrid nonlinear optical systems
The  previous  examples  are  based  on  pure  nanoparticles
in various matrixes.  Nonlinear optical nanoparticles can
also be further developed into hybrid systems to further
extend  the  functions.  Different  from  the  conventional
process on  the  bulk  substrate,  laser  ablation  can  be  ap-
plied directly to the hybrid systems to further modify the
properties.  For  example,  nanoparticles  can  be  deposited
to  form  thin  films.  One  good  example  is  the  nonlinear
devices  based  on  graphene  oxide.  Graphene  oxide  is

 

1.0

0.8

0.6

T
ra

n
s
m

it
ta

n
c
e

0.4

0.2

0
0.1

Input fluence (J/cm2)

1 10

6 nm in tetrahydrofuran
15 nm in water

Nd: YAG laser, 532 nm,7 ns

<3.5 nm in tetrahydrofuran

after further pulverization

2.00

1.75

1.50

1.25

1.00

0.75

0.50

0.25

0
0 0.5 1.0 1.5

Input fluence (J/cm2)

O
u
tp

u
t 
fl
u
e

n
c
e
 (

J
/c

m
2
)

2.0 2.5 3.0 3.5

Sliver nanopartioles 

in PMMA film

Pure PMMA film

Sliver nanopartioles 

in 2.5 m MAOT solution

a b

1.20
P-type

1.15

N
o
rm

a
liz

e
d

 t
ra

n
s
m

it
ta

n
c
e

1.10

1.05

1.00

−8 −6 −4 −2
Z (mm)

0 2 4 6 8

1.4
P-type

1.3

N
o
rm

a
liz

e
d

 t
ra

n
s
m

it
ta

n
c
e

1.2

1.1

1.0

−8 −6 −4 −2
Z (mm)

0 2 4 6

0.8

0.9

8

1.20
Transmittance at 

40 mJ/cm2
1.16

1.12

1.08

P5 P2P3P4 P1

dc

Carbon Metals

Dielectric

Fig. 5 | Optical nonlinear characterization for (a) carbon nanoparticles, (b) metallic nanoparticles, (c) open aperture and (d) close aperture Z-

scan  results  for  dielectric  nanoparticles62,75,123.  Figure  reproduced  from:  (a)  ref.75,  IOP  Publishing;  (b)  ref.123,  SPIE;  (c)  ref.62,  under  a  Creative

Commons Attribution 3.0 Licens.

Chen LW et al. Opto-Electron Sci  1, 210007 (2022) https://doi.org/10.29026/oes.2022.210007

210007-14

 



widely  used  in  many  applications,  including  integrated
photonic  devices,  flat  optics,  ultrafast  laser  systems,
fluorescent  materials  for  bio-imaging,  and  bio-
sensing101,102. It  is  reported that a laser ablation can pro-
cess and modify the optical properties of graphene oxide
(GO)  nanoparticles103.  To  characterize  the  nonlinearity,
GO  nanoparticles  are  firstly  spin-coated  to  produce  a
thin  film.  With  the  continuous  irradiation  of  the  laser
beam, the  GO nanoparticles  undergo  four  stages  of  dif-
ferent nonlinear optical activities. Without the reduction
process  induced  by  laser,  the  GO  nanoparticles  show  a
typical saturable  absorption.  When  the  laser  fluence  in-
creases  from  15.9  to  32  J/cm2, the  nonlinear  perform-
ance  of  the  partially  reduced  GO  solution  converts  into
the optical limiting behavior. This process is found to be
reversible  if  the  incident  laser  irradiation  is  removed.  If
the laser fluence is further increased from 32 to 50 J/cm2,
the chemical  reduction of  GO nanoparticles  is  triggered
by high laser intensity. The optical limiting performance
is enhanced. 50 J/cm2 is the second threshold for the GO
nanoparticles to be fully reduced. At this point, the optic-
al limiting effect reaches its maximum value. This trans-
ition  process  is  attributed  to  different  properties  of  the
GO and  reduced  GO  nanoparticles.  Saturable  absorp-
tion is  observed for  GO because its  ground-state  can be
saturated easily because of its band structure. For the re-
duced GO, the two-photon absorption and excited-state
absorption of its sp3 bonds are responsible for the optic-
al limiting performance103.

The thin  film  formed  by  the  laser  ablated  GO  nano-
particles can be further upgraded to enhance its perform-
ance.  As  demonstrated  in Fig. 6,  silica  microspheres  are
deposited on the prepared GO thin films. A direct drop-
casting method is used to control the density of the silica
microspheres on top of  the thin films.  Microsphere dis-
persions  with  different  concentrations  are  dropped  on
the GO films and transferred to a hot plate until water is
fully evaporated. An optical microscope is used to accur-
ately measure  the  average  coverage  of  silica  micro-
spheres on  the  GO  film.  The  function  of  the  micro-
spheres  is  to  serve  as  a  particle  lens.  Such  particle  lens
can focus incident light and produce local field enhance-
ment  at  the  bottom  of  the  lens,  which  is  shown  in Fig.
6(b). This local field enhancement is also denoted as the
photonic  nanojet  (PNJ).  The  silica  microspheres  used
have a diameter of 1 μm. For this size, the PNJ enhances
the light intensity by more than 8 times compared to the
incident light without microspheres. The enhanced light

can propagate for a distance of more than 400 nm from
the  bottom  surface  of  the  microsphere  into  the  matrix.
The Z-scan measurement is carried out for the GO with
microspheres.  A  femtosecond  pulsed  laser  at  the
wavelength  of  800  nm  is  used  as  the  light  source.  The
pulse  duration  and  repetition  rate  are  50  fs  and  1  kHz,
respectively.  The  results  are  summarized  in Fig. 6(c) to
6(f).  As  the  reference  group,  the  GO  film  demonstrates
saturable features similar to the one presented in the pre-
vious case.  When the microsphere is  added on the film,
its nonlinear performance is enhanced by more than 33%
compared  to  the  reference  group.  The  optical  image  of
the  GO  film  and  GO  +  microspheres  are  shown  in Fig.
6(e). The coverage of the microsphere on the GO film is
relatively  low  (10%).  It  demonstrates  that  this  method
still has  great  potential  if  a  compact  layer  of  the  micro-
spheres  can  be  formed.  Furthermore,  the  enhancement
of  the  microspheres  is  not  limited  to  a  specific  type  of
nonlinear material. It is a highly versatile and flexible ap-
proach that can be considered in many different nonlin-
ear systems. 

Nanoparticles for dynamic nonlinear optical systems
In the previous cases, static nonlinear optical systems are
presented. Many important applications require dynam-
ic  responses.  Hence,  it  is  demanded  to  further  develop
the  nanoparticles  and  make  them  suitable  to  construct
dynamic devices, which can respond differently based on
different conditions. One strategy is to integrate the nan-
oparticles  of  phase  change  materials.  Two  examples  are
presented. Figure 7 demonstrates the  first  dynamic  sys-
tem based on GO nanoparticles processed by laser abla-
tion.  It  contains  the  frozen  matrix  based  on  ice,  which
preserves  the  advantages  of  the  liquid  system  but  also
fulfills the requirements of solid-state devices. GO nano-
sheets with diameters ranging from 300 nm to a few mi-
crons are mixed inside water. The concentration is 5 g/L.
Silica  microspheres  are  added  into  the  GO  dispersion.
The  diameter  of  microspheres  is 1000 nm.  The  number
of microspheres per unit weight is 8.2 ×109 g–1. The fab-
rication of the frozen matrix is demonstrated in Fig. 7(c)
and 7(d). A cell made of optical glass is used as the con-
tainer.  The  optical  path  length  of  the  cell  is  1  mm.  The
dispersion is  carefully injected into the cell  to avoid any
bubble formation. It is then transferred into an enclosed
cold  environment  cooled  by  dry  ice  and  freezes  within
half  a  minute.  Similar  to  the  hybrid  system  presented
previously,  the  silica  microspheres  serve  as  the  particle
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lens  in  the  frozen  matrix.  A  local  field  enhancement  is
introduced  due  to  the  focusing  of  the  microspheres.  In
the frozen matrix, the area of local field enhancement is
calculated  to  be  around  1.01  μm3.  It  is  1.9  times  the
volume of the microsphere. GO nanoparticles presented
in  this  volume  have  enhanced  nonlinear  performance.
The nonlinear absorption of the frozen sample is charac-

terized at the wavelength of 800 nm with a femtosecond
laser  (100  fs  pulse  duration,  1  kHz  repetition  rate).  The
output laser fluence versus input laser fluence for differ-
ent  samples  is  presented  in Fig. 7(b).  Without  the  GO
nanoparticles,  the frozen matrix and silica microspheres
do  not  demonstrate  any  nonlinear  response.  The  black
line  is  a  reference  for  the  linear  transmittance  of  the
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sample. Samples with GO demonstrate nonlinear behavi-
ors  from  2.5  to  5.5  μJ/cm2.  At  the  low  incident  fluence
below  4.2  μJ/cm2,  the  transmittance  keeps  increasing,
which  is  the  feature  of  the  saturable  absorption  In  this
process, samples  with  silica  microspheres  show  en-
hanced nonlinearity. When the incident laser fluence ex-
ceeds  4.2  μJ/cm2,  the  transmittance  of  the  pure  GO
sample turns out to be similar to the GO + microsphere
mixture. This process is illuminated by Fig. 7(e). The en-

ergy required to melt the frozen matrix is calculated. It is
found that the incident laser fluence is sufficient to raise
the  temperature  of  the  frozen  matrix  above  its  melting
point.  However,  in  the  characterization  process,  the
sample  is  maintained  in  an  environment  with  frozen
CO2 (dry ice). The matrix stays frozen when the incident
laser fluence is low. When the laser energy absorbed ex-
ceeds the cooling capacity,  the matrix starts to melt  and
behave  differently.  When  the  frozen  matrix  partially
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melts,  the  transmission  of  the  system  starts  to  increase
due to the reduced scattering. As the microspheres have
a higher density than water, they also start to precipitate
and the nonlinearity enhancement effect is reduced. The
transmittance  reaches  the  maximum  point  at  the  laser
fluence  of  4.7  μJ/cm2.  At  this  laser  fluence,  the  frozen
matrix fully melts. When the laser irradiation is stopped,
the liquid freezes  quickly  in a  cool  environment.  In this
process, laser energy is absorbed by the frozen matrix to
protect the system from possible optical damage. Such a
scheme is also widely compatible with various nonlinear
materials. The frozen matrix can also prevent the aggreg-
ation of dispersed particles.

Despite the  advantages  of  the  frozen  matrix,  it  re-

quires  the  entire  system to  be  in  a  cooled  environment.
The  further  development  replaces  water  with  a  solid-
state  organic  matrix  as  demonstrated  in Fig. 8. To  pre-
pare this system, pulsed laser ablation is firstly applied to
synthesize the  silicon nanoparticles  in  water.  The nano-
particles have a size distribution ranging from 200 nm to
800 nm. Most of them have the spherical shape. Gel wax
is chosen as the phase change matrix. It is an organic ma-
terial  made up of  mineral  oils  and polystyrene,  which is
transparent for visible and near IR wavelengths.  To mix
the  silicon  nanoparticles’ with  the  gel  wax,  gel  wax  is
firstly melted in a beaker on a hotplate. The silicon nano-
particle  dispersion is  added into the gel  wax and heated
up to the temperature of 95 °C. At this temperature, the
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gel  wax stays  in  the  liquid  phase.  The mixture  is  stirred
until all water is evaporated. In this process, silicon nan-
oparticles  are  transferred  into  the  gel  wax.  The  final
product  is  collected  and ultra-sonicated  for  1  minute  to
ensure the silicon nanoparticles are well dispersed inside
the matrix.  The  mixture  is  then  put  in  room  temperat-
ure to cool down until it is fully solidified. The positions
of the nanoparticles in the gel wax are fixed. To measure
the optical nonlinearity, Z-scan measurement is conduc-
ted at different laser fluences. The laser wavelength, pulse
duration,  and  repetition  rate  are  800  nm,  100  fs,  and  1
kHz,  respectively.  The thickness  of  the  sample  is  1  mm.
The  results  of  the  Z-scan  are  demonstrated  in Fig. 8(b).
The black line in the plot indicates that the gel wax does
not  show  any  optical  nonlinearity.  The  nonlinearity  of
the system is dominated by the concentrations of the sil-
icon nanoparticles.  When the concentration of  Si  nano-
particles  increases  from  20  mM  to  30  mM,  the  peak
transmittance decreases  from  0.924  to  0.868.  It  demon-
strates typical features of optical limiting. This nonlinear
behavior is due to the nonlinear scattering of the laser ir-
radiation  on  the  nanoparticles’ surfaces,  as  indicated  in
Fig. 8. Within this concentration range, additional nano-
particles  impose  more  nonlinear  scattering  of  incident
light and the optical limiting effect is enhanced when the
concentration increases.  When the concentration is  fur-
ther  increased  to  60  mM,  the  nonlinear  performance
changes  from  optical  limiting  to  saturable  absorption.
The physics behind can be explained as follow: at a con-
centration  higher  than  a  threshold,  the  smaller  inter-
particle spacing of  nanoparticles  gives  a  higher possibil-
ity  for  the  scattered  laser  light  to  interact  strongly  with
neighboring nanoparticles.  Hence,  the saturable  absorp-
tion of the nanoparticles dominates the nonlinear effect.
Such  switching  of  the  nonlinear  responses  makes  this
system useful to construct many novel nonlinear devices.
Gel  wax is  chemically  stable  and melts  easily.  Similar  to
the frozen matrix, the melting of the gel wax can protect
the  nanoparticles  from  optical  damage,  which  increases
the  damage  threshold  and  improves  the  stability  of  the
nonlinear system. 

Applications for nonlinear optical nanoparticles
Nonlinear optics offers effective methods for wavelength
engineering, frequency doubling, wave mixing, and mul-
tiphoton absorption104. It is also the foundation for many
other optical modulations, such as optical limiting, pulse
modulation,  and  phase  conjugation.  Many  widely  used

conventional optical  devices  rely  on nonlinear  perform-
ances,  including  laser  sources,  optical  communication
devices,  and  various  types  of  sensors105,106. New  nonlin-
ear  materials  are  also  explored  for  state-of-art  devices
and systems.  They  are  widely  used  in  most  frontier  re-
searches,  such  as  the  quantum  technology,  topological
devices,  and  information  processing.  There  are  many
types  of  nonlinear  optical  effects  and  these  applications
cannot be  fully  covered  in  the  limited  scope  of  this  re-
view. In this section, we will focus on the applications re-
lated  to  the  third  order  nonlinearity,  more  specifically,
the  optical  limiting  and  saturable  absorption.  Due  to
nanoparticles’ small  size,  it  is  challenging  for  a  single
nanoparticle to  form a  device.  Instead,  a  functional  sys-
tem is normally made of a large number of nanoparticles.
Nanoparticles  are  the  building  blocks  to  make  optical
nonlinear  materials  of  various  types.  For  example,  they
can be  mixed inside  the  solid  matrices,  dispersed  inside
the liquid matrix, and deposited into thin films. For spe-
cific  bio-medical  applications,  nonlinear  nanoparticles
are  directly  injected  into  the  animal  body  or  fed  into
cells107.  Various  techniques  are  also  invented  to  pattern,
engineer, and further process optical nonlinear materials
in order to fabricate new functional devices31,108.

Optical  limiting  is  one  important  nonlinear  behavior
based  on  the  third-order  nonlinearity.  The  applications
for optical limiting can be widely found in systems with
high energy. Optical limiting material is commonly used
as  a  protective  component  against  strong  laser  power
that  may  cause  damages.  Among  high  energy  systems,
devices with high power laser sources are good examples
to  illuminate  the  functions  of  optical  limiters.  High
power  lasers  have  wide  applications  and  protective
devices  are  critical.  For  example,  glass  made  of  optical
limiting materials is used in high power laser processing
systems109−111.  In  these  devices,  optical  limiter  not  only
protects persons to operate the system. They can absorb
the  excess  laser  power  above  the  threshold  and  protect
the device from optical damage. Without optical limiters,
the  lifetime  of  these  systems  is  greatly  limited.  Optical
limiters  based  on  nonlinear  optical  nanoparticles  offer
several  advantages.  They  can  be  made  into  different
shapes  including  thin  films,  glass  doped  with  nonlinear
particles, or even disperse into the liquid. This flexibility
can  fit  different  requirements  and  install  flexibly  in  the
high  power  laser  systems.  Furthermore,  as  a  protective
component,  the  optical  limiter  itself  is  easily  damaged.
Systems based on specific nanoparticles offer self-repairing
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capabilities  as  discussed in the previous section.  For the
liquid-based nonlinear systems, additional nanoparticles
can be flexibly added into the liquid to maintain its func-
tionality.  Another  important  application  is  protective
components for optical sensors, which links to broad re-
search  areas  and  industries.  Almost  all  optical  sensors
need to be protected against high power input signals to
prevent  saturation  or  damage.  Due  to  these  advantages,
optical limiters based on nanoparticles are promising for
many  emerging  new  devices,  such  as  high  power  laser
weapons. Huge potential is yet to be discovered.

Beyond high energy applications, optical limiting ma-
terials  can also  be  used  for  the  low energy  components.
For example,  optical  limiting  materials  are  used to  con-
struct the sensors for laser-guided weapons. In the laser-
guided  weapons,  the  seeker  is  one  component  to  guide
the  weapon  towards  the  target,  which  is  critical  for  the
accurate  tracking112.  Anti-jamming  is  a  critical  function
for  these  seekers.  Anti-jamming  involves  the  process  to
filter out the noises, which prevents the enemy's interfer-
ence. Many anti-jamming components are used, such as
the  narrowband filter  in  the  front  of  the  seeker  and  the
tracking  gate  processing  circuit  in  the  signal  processing
part. However,  these  anti-jamming  components  are  de-
signed for low power jamming noises, which can be eas-
ily saturated if the incident light signal is too strong. For
the  practical  cases,  many  environmental  signals  and
noises with  high  intensities  can  interfere  with  the  func-
tion of the seeker and disable it. Optical limiter is critical
to  filter  out  these  high  power  noises.  Specifically,  these
optical limiters  need  to  react  fast  and  offer  a  wide  ab-
sorption spectrum, which matches the advantages of the
nanoparticle  based  nonlinear  systems.  Multiple  types  of
nanoparticles can  be  mixed  together  to  provide  protec-
tion across a broad range of wavelengths. With this pro-
tective component, the laser seeker can overcome its lim-
itation  and  become  capable  to  tackle  the  high  power
noises in a complicated environment112. This application
demonstrates  that  optical  limiter  is  effective  to  function
as filters. It can be helpful for many sensing and imaging
systems which are used to capture weak signals.

Besides the  optical  limiting,  nanoparticles  with  satur-
able  absorptions  also  have  broad  applications.  Systems
based on this nonlinearity are generally denoted as satur-
able absorbers. The most extensively used application of
saturable  absorbers  is  the  functional  material  to  achieve
passive  Q-switching  or  mode-locking  for  laser  cavities.
The  roles  of  optical  nonlinearities  for  Q-switching  were

fully  explained  by  Nicolaas  Bloembergen,  who  won  the
Nobel prize in 1981 for this work. It is achieved by put-
ting  the  saturable  absorber  inside  the  laser  cavity.  The
saturable  absorber  can  be  a  piece  of  transparent  solid
doped with optical nonlinear nanoparticles. Initially, the
laser medium is pumped and the saturable absorber has
high absorption. When the light power stored in the cav-
ity  is  low,  the saturable absorber functions like a  “Gate”
to  store  and  keep  the  energy  within  the  cavity.  As  the
amount of energy stored in the cavity increases, the rate
of the stimulated emission for  lasing also keeps increas-
ing until  it  reaches  the  threshold  of  the  saturable  ab-
sorber. Above the threshold, the absorption of the satur-
able  absorber  decreases  and  the  resonator  loss  reduces.
Hence, the  saturable  absorber  becomes  more  transpar-
ent and the “Gate” is open. The energy stored is released
to produce a pulse with high peak energy. Then, the sat-
urable absorber  recovers  to  its  initial  state  of  high  ab-
sorption, storing  energy  until  the  next  pulse  can  be  re-
leased. In this process, the properties of the saturable ab-
sorber directly  affect  the  repetition rate  and pulse  dura-
tion. Furthermore,  nanoparticles  based  saturable  ab-
sorbers with a small footprint and enhanced function can
also be used for solid-state and micro-chip lasers.

Saturable  absorbers  have  been  used  for  passive  mode
locking  since  the  early  1970s.  It  was  the  only  method
available for this purpose until the invention of additive-
pulse mode locking113.  The basic  mechanism behind the
mode  locking  is  easily  understood  by  considering  a  fast
saturable  absorber  whose  absorption  can  change  on  a
timescale  of  the  pulse  width.  When  an  optical  pulse
propagates  through  such  an  absorber,  the  head  and  tail
experience more loss than the central part, as the central
part is intense enough to saturate the absorber. As a con-
sequence,  the  light  energy  in  the  head  and  tail  of  the
pulse  are  reduced  and  the  pulse  duration  is  shortened.
The reduction of the pulse duration also leads to the gen-
eration of more intense pulses. This mechanism is widely
used  in  the  cavity  of  the  fiber  lasers  and  dye  lasers.  For
these  lasers,  the  saturable  absorber  with  a  fast  response
time is required, which can be achieved by mixing optic-
al  nonlinear  nanoparticles  inside  a  solid-state  or  liquid
matrix.  To  construct  the  cavity,  the  saturable  absorber
can also be coated on one side of the cavity mirror. The
saturable absorber can be made using either a single lay-
er  or  a  large  stack  (>100  layers)  of  layers.  For  multiple
layers, it forms a periodic structure named a superlattice
to further enhance the performance.
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The saturable absorber can also be used as the nonlin-
ear element  for  optical  regeneration.  Optical  regenerat-
ors are critical for communication and information tech-
nologies.  An  optical  generation  needs  to  filter  out  the
noise,  distortion,  and  fluctuations  in  the  optical  signal.
The  operation  principle  of  the  saturable  absorber  is
straightforward.  When  an  optical  signal  with  relatively
low  intensity  transmits  through  the  saturable  absorber,
the intensity  is  below the threshold of  saturable  absorp-
tion and the absorption is high. This makes the saturable
absorber opaque to the signal. Noises are mostly of much
lower  intensities  compared  to  the  optical  signal.  In  this
case,  these  low-intensity  components  are  filtered  out  by
the saturable  absorber.  Different  technologies  to  imple-
ment  saturable  absorbers  are  available.  Semiconductor
based nonlinear nanoparticles can provide excellent per-
formance.  Multiple  layer  structures  with  nanoparticles
embedded  can  also  be  considered.  The  time  to  recover
from a saturated state and the threshold is  critical  para-
meters. Doping can be used to further modify the prop-
erties of saturable absorbers. 

Challenges and future technology
development
An increasing number of  research works are  devoted to
further enhancing the performance, extending function-
alities,  and  optimizing  parameters  of  nonlinear  optical
nanoparticle  systems  to  fulfill  customized  demands  for
new applications.  As conventional  nanoparticles  are  ap-
proaching their  limits,  it  becomes  challenging  for  signi-
ficant  technology  improvement  or  breakthrough,  which
is attributed to intrinsic  limitations of  materials  proper-
ties.  New  functional  nanoparticles  offer  new  routes  for
continuous improvement to overcome these limitations.
More  opportunities  keep emerging  as  various  nonlinear
optical nanoparticle systems are intensively investigated.
For  these  nanoparticles’ systems, breakthroughs  are  de-
manded to address two existing fundamental challenges:
1) Morphology control.  Nanoparticles ranging from ~1
nm to ~10 μm can be synthesized by laser  ablation.  For
many applications,  monodisperse  nanoparticles  are  de-
manded. As direct laser ablation can result in a large size
distribution, accurate  size  control  or  selection  in  differ-
ent  environments  is  a  critical  issue.  Furthermore,  most
nanoparticles  demonstrate  irregular  or  spherical  shapes.
How to produce nonlinear optical nanoparticles with ar-
bitrary morphologies and shapes is another challenge. 2)
Productivity. In  laser  ablation,  the  synthesis  of  nano-

particles  only  happens  in  the  limited  region of  the  laser
focus  spot.  Hence,  the  productivity  of  nanoparticles  by
laser  ablation  was  restricted.  Other  synthesis  methods,
such as  chemical  reactions,  can  easily  achieve  high  pro-
ductivity  at  kilogram-scale  or  even  higher114.  Control  of
the  quality  and  yields  are  the  other  two  issues,  which
need to be well  considered for  mass production115.  Both
issues  are  closely  related  to  the  dynamics  of  the  high
power  pulsed  laser  ablation.  While  methods  and  recent
progress  to  engineer  the  morphologies  of  nanoparticles
are introduced in section nonlinear optical nanoparticles’
production, functions, and applications, how to improve
the  productivity  for  laser  ablation  is  important.  A  few
new routes were reported to improve the functionalities
and  efficiency  of  the  laser  ablation.  These  methods  can
be classified into two groups. The first group involves the
modification of the optical system: 1) Hybrid laser irra-
diation: Continuous-wave laser  irradiation  can  be  ap-
plied  to  enhance  the  nanosecond  pulsed  laser  ablation.
The continuous  laser  irradiation  raises  the  surface  tem-
perature around  the  spot  of  laser  ablation,  which  en-
hances the pulsed laser ablation at a much improved effi-
ciency116.  2) Double pulse spatial laser ablation: Spatial
double-pulsed laser ablation is another new approach to
increase  the  laser  ablation  efficiency.  Two  splitted  laser
beams simultaneously irradiate on the silicon surface.  It
is reported that when the process parameters of the dual
laser  beams  are  properly  tuned,  the  efficiency  of  such
double-pulse laser  ablation  can  be  significantly  en-
hanced by more than 65%117.  3) Double pulse temporal
laser ablation: Further investigation is also conducted to
study the effect  of  two overlapping laser  pulses  irradiat-
ing with  a  tunable  time  delay.  It  is  found  that  the  tem-
poral control of two laser pulses can further influence the
performance of the laser ablation. In the optimized con-
dition,  the  laser  ablation  efficiency  can  achieve  a  338%
improvement compared  to  the  single  pulse  laser  abla-
tion118. The second group of new approaches involves the
modification  of  the  matrix  and substrates.  The  addition
of surfactants is a common practice well-known for mor-
phology  modifications.  Furthermore,  other  explorations
demonstrate additional possibilities. Steam-assisted laser
ablation of the solid substrate is investigated on multiple
materials including Si, Cu, and mold components for the
integrated  circuit.  A  thin  layer  of  steam  is  reported  to
significantly  improve  the  laser  ablation  efficiency.  The
ablation rate is improved by 1.5 times56,119. 
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Conclusions
The nanoparticle  is  an  important  candidate  for  nonlin-
ear  optical  materials.  Laser  ablation  is  proven  to  be  a
flexible, fast, and effective fabrication approach for nano-
particles’ synthesis with many advantages. Laser ablation
is convenient  for  researchers  as  one  laser  ablation  sys-
tem  can  fabricate  a  great  number  of  different  materials
within a short time,  which can fulfill  the needs for vari-
ous applications. In this review, the physics, experiment-
al  system,  parameter  selection  for  laser  ablation,  results
of  nonlinear  optical  nanoparticles,  and  applications  are
summarized,  which  introduces  the  opportunities  in  this
research field.  Beyond the topics covered,  nonlinear op-
tical components  are  essential  for  various  emerging  re-
search  frontiers,  such  as  ultrafast  optics,  high  power
lasers,  nano-photonics,  and  information  processing  for
artificial intelligence. The search for the best optical non-
linear materials  for these fast-  developing directions has
attracted  a  lot  of  interests.  Due  to  its  straightforward
process, fast speed, and flexible choice of materials, laser
ablation can be a powerful technique to quickly find out
the best nanoparticle to address these needs. It has been
proven  successful  for  many  conventional  applications
and  different  types  of  laser  synthesized  nanoparticles
have  already  been  commercialized.  For  the  emerging
technologies, more potential is yet to be discovered.
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